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17 Modeling of anomalous Wtb interactions using subsidiary fields
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Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, 119992 Moscow, Russia.
A method to simulate anomalous fermion-boson interactions in Wtb vertex is presented with a min-
imal set of simulated samples of single top quark events at the LHC energies. In proposed method,
additional subsidiary vector fields corresponding to the Standard Model gauge fields are implemented
for each type of the anomalous vertex structure. The method allows to simulate a manifestation of
anomalous gauge couplings in two approaches used in experimental analyses either keeping only the
linear order contributions in the anomalous couplings or keeping all contributions in numerators and
denominators as appeared in matrix elements. For the processes with several anomalous couplings con-
tributing simultaneously to the production and to the decay as well as to various interference terms the
method allows to model correctly the dependence of kinematic distributions on anomalous couplings.
The method shows how to generate a minimum set of event samples needed for a concrete analysis.
All the single top quark production mechanisms, t-, s- and associative tW-channels, are considered.
The correctness of the proposed method is demonstrated.
1. Introduction
The most exciting topics of modern collider experiments are searches for physics beyond
the Standard Model (BSM). “New Physics” may manifest itself as a direct production of
various new particles predicted by BSM scenarios or in a form of deviations from SM
properties such as total, fiducial, differential cross sections and/or kinematic distributions.
Such deviations could be a result of anomalous interactions of the Standard Model (SM)
particles.
A well-motivated common way to introduce and model possible BSM effects below
the production threshold is the effective Lagrangian approach in which contributions of
new physics are encoded in a set of higher dimensional gauge invariant with respect to the
SM gauge group operators divided by an effective scale of possible new physics 1/Λ in
corresponding power [1, 2]. Derivation of Feynman rules from the effective operators is
straightforward. New vertices can be implemented in a computer program and necessary
computations and event simulations can be performed. However, in practice, there are a
number of mainly technical but time consuming difficulties. For the unstable particles, such
as EW gauge W and Z bosons, the Higgs boson, the top quark etc., the anomalous couplings
may contribute to both production and decay, as well as to the decay width of the unstable
particle. The corresponding matrix element is then a ratio of polynomials of anomalous
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2parameters affecting not only the production rate and decay branching fraction but also
spin correlations and corresponding distributions. Even when the leading, linear in 1/Λ2,
effect is analyzed, motivated by the consistency of the effective operator expansion [3], it is
quite involved to combine all the necessary terms coming from different places of the ma-
trix element. Several anomalous operators usually contribute to the same vertex. Different
vertexes in Feynman diagram can contain anomalous contribution, for example the produc-
tion and decay vertexes of top quark. The kinematic distributions of the final particles are
affected by the values of the anomalous couplings. In order to get useful information about
all anomalous parameters one needs to simulate a large number of event samples required
for experimental searches. This is specially problematic because of the computer time and
memory consuming procedure of event propagation through detector simulation programs.
In this sense it is very reasonable to generate as small as possible number of independent
event samples. A simple practical method to simulate anomalous contributions with a mini-
mal set of event samples is described in this paper. The method relies on the implementation
of additional subsidiary vector fields and is applicable directly for the computer programs.
The simulation is performed using the CompHEP [4, 5] computer package. We demon-
strate how the method works in the modeling of anomalous Wtb couplings in the single top
quark production processes. The theory of electroweak interactions predicts three different
production mechanisms for single top quarks in hadron-hadron collisions, in addition to the
more abundant pair production due to the strong interaction. They are classified using the
topology of diagrams which include W-boson [6] as t-channel, s-channel and associated
tW production. Since the single top production is directly proportional to the magnitude of
Wtb vertex, these processes are expected to be very sensitive for the investigation of the
Wtb vertex structure with highest possible accuracy. This property was already explored
in several experimental studies at the Tevatron [7, 8] and the LHC [9, 10, 11], and recent
theoretical publications [12, 13, 14, 15, 16]. In this paper we consider all three produc-
tion mechanisms of single top quark, model an influence of all possible Wtb anomalous
couplings with the help of proposed method and validate the correctness of results by com-
paring with straightforward computations when the anomalous couplings are simply added
to the vertex in the Feynman rules. Different approach to simulate only linear terms in 1/Λ2
is also possible with recent developments in MadGraph package [17].
2. Method of modeling the anomalous operators in the production and decay
vertices.
The effective anomalous operators lead to changes of the SM vertices which in our case
can be written in the form of additional terms in the SM gauge-fermion vertex:
Γµ = ΓSMµ +Γ
NP1µ +Γ
NP2µ + ..., (1)
where the first term is the SM vertex of the SM gauge boson (Vµ) and the SM fermions ( f ),
and other terms are the anomalous “New Physics” parts of the vertex with all the allowed
Lorentz structures such as γµ , γµγ5, σµνkν etc.
The main idea of the method is to introduce a new subsidiary vector bosons V µ1 subs,
V µ2 subs etc. with the mass and all other couplings are the same as for the SM gauge boson
3V µ , but with the couplings to the fermion f being ΓNP1µ , ΓNP2µ etc., respectively. In the new
model there are SM boson V µ with the SM model couplings and a number of subsidiary
vector bosons V µ1 subs, V
µ
2 subs etc., with the V f f vertex being non-standard ΓNP1µ , ΓNP2µ etc.
All other couplings are the same as in SM. All anomalous contributions are included in the
total width of the fermion f , while the widths of all vector bosons including the subsidiary
ones are taken to be equal to the SM gauge boson width. The Feynman diagram involving
V µ in the intermediate state will be represented in new model by several Feynman diagrams
involving new bosons V µ1 subs, V
µ
2 subs etc. The sum of all these diagrams is exactly the same
as for the case when we simply change the SM vertex ΓSMµ to the new vertex Γµ (1). The
processes with bosons in the final state have to be considered with subsequent decays of
the bosons to final fermions.
Within this approach it is easy to switch on or off contributions of any new subsidiary
boson and compute different terms separately. This method allows to compute only the
linear terms on new anomalous couplings and/or compute any interference term if needed.
This is of a special importance to generate a minimal number of event samples. Implemen-
tation of this method is demonstrated in the next sections. Possible anomalous contributions
to Wtb vertex are computed for the single top quark production processes and most relevant
distributions are presented.
3. Anomalous Wtb couplings in the single top quark processes.
In this Section, we demonstrate how the introduced method works for the practical example
related to anomalous Wtb couplings search in the single top quark production processes.
The anomalous terms in Wtb vertex allowed by the Lorentz invariance are parametrized by
the following effective Lagrangian as was proposed in [18]:
L =
g√
2
bγµ
( fLV PL + fRV PR)tW−µ + g√2b
σ µν
2MW
( fLT PL + fRT PR)tW−µν + h.c. (2)
Here MW is the W-boson mass, PL,R = (1∓ γ5)/2 is the left(right)-handed projection oper-
ator, W−µν = ∂µW−ν − ∂νW−µ , σ µν = i/2
[
γµ ,γν
]
, and g is the weak isospin gauge coupling.
Parameters fLV (T ) and fRV (T ) are the dimensionless coefficients that parametrize strengths
of the left-vector (tensor) and the right-vector (tensor) structures in the Lagrangian. In the
SM all fermions interact through the left-handed currents and all constants are equal to
zero, except fLV =Vtb (CKM-matrix element).
All the terms in the Lagrangian (2) come from various effective gauge invariant
dimension-6 operators as given in [19, 20, 21]. Therefore, the natural size of the strength
parameters is of the order of (v/Λ)2 where v is the Higgs vacuum expectation value and Λ
is a scale of "New Physics".
Squared matrix element for the single top quark production processes has a quadratic
dependence on the anomalous constants of the following form (assuming a massless b-
quark) [22]:
|M|2pp→t+X ∼ A · f 2LV +B · f 2RV +C · fLV · fRT +D · fRV · fLT +E · f 2LT +G · f 2RT , (3)
4where A,B,C,D,E,G are functions of particle momenta. As one can see there are no
( fLV · fRV ) and ( fLT · fRT ) cross terms in Eq. (3). The contributions of the left and right parts
to the squared matrix element are different in general case (A is not equal to B, and so on)
because the SM vertex of W boson with the light quarks has the left (V-A) structure. Simple
formulas for the single top production cross sections with anomalous Wtb couplings at the
partonic level for the s-, t- and associated tW-channels are provided in the Appendix A. The
formulas demonstrate explicitly the production cross sections dependence on the anoma-
lous couplings being in an agreement with expressions given in [3] if only linear terms in
the anomalous couplings are kept.
In the same manner as it was done in the experimental searches for the anomalous
Wtb couplings [8, 7, 11] we considered three scenarios with always the left-vector cou-
pling pairing with one of the other anomalous couplings (( fLV , fRV ), ( fLV , fLT ), ( fLV , fRT )
scenarios) and other two couplings are equal to zero.
Let us consider briefly very simple approach when the anomalous couplings are kept
only for the production part of the processes. Such an approach in the narrow width approx-
imation is motivated by the fact that the total cross section is given by σ = σproduction ×
BRdecay and a weak dependence of the decay branching ratio BRdecay on the anomalous
couplings [20, 23]. The first scenario has ( fLV , fRV ) non-zero couplings in Wtb vertex
(( fLV , fRV ) scenario). The events of the top quark production processes without top quark
decay can be simulated with only two sets of events in this scenario. The first set of Monte-
Carlo (MC) simulated events corresponds to kinematic term A in Eq. (3) and can be ob-
tained with the fixed values of the anomalous parameters: fLV = 1, fRV = fLT = fRT = 0. In
this sample, only events with left-handed interaction in the Wtb vertex are simulated; the
notation “LV2” for this set of events is used. The second set of events corresponds to the
kinematic term B in Eq. (3) and can be simulated with the fLV = 0, fRV = 1 coupling values;
this set of events corresponds to the only right-handed interaction in the Wtb vertex. The
notation for such sample is “RV2”. As follows from Eq. (3) the kinematic distributions of
a top quark production processes with all possible values of the fLV and fRV anomalous
couplings can be reproduced by the sum of corresponding distributions following from
the “LV2” and “RV2” sets of events multiplied by the squared value of the corresponding
coupling. This is demonstrated in Fig. 1 for the distribution of transverse momentum of
the top quark for fLV = 1, fRV = 0.6. The sample “LV2” exactly corresponds to the SM
( fLV = 1) and the curve on the plots is labelled as "SM". The notation “RV” is used for
the fRV 2 · (RV2) curve at the plot with fRV = 0.6. One can see that the sum of the curves
“SM” and “RV” is in agreement with the curve “(1, 0.6, 0, 0)” which shows the explicitly
calculated distribution of the transverse momenta of the top quark with fLV = 1, fRV = 0.6
valuesa of the couplings in the top quark Wtb production vertex. Therefore if only produc-
tion is considered, then two sets of events are sufficient to perform an analysis. However
two sets of events are not enough if one considers the top quark production with subsequent
aIn order to show deviations between various curves more clearly the values for anomalous parameters are chosen
significantly larger than existing experimental bounds and values followed from the SM loop contributions [24]
to Wtb vertex as well as values [25] predicted by the SM extensions such as 2HDM.
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Figure 1. The transverse momentum distribution of
the top quark for the process pp → tq (t-channel) for
the ( fLV , fRV ) scenario.
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Figure 2. The transverse momentum distribution of
the lepton from top quark decay for the process pp →
t(νl , ¯l,b)q for the ( fLV , fRV ) scenario.
decay. As one can see, for the case of ( fLV , fRV ) as an example, from Fig. 2 the distribution
of the transverse momentum of the lepton from the top quark decay cannot be reproduced
with a simple sum of the distributions following from “SM” and “RV” sets of events in the
same way as it was done for the case of anomalous couplings in the top quark production
only (Fig. 1). In the next sections it is shown that one needs to extend the minimal number
of the event sets in order to correctly represent the event kinematics for the case where the
anomalous couplings present in the production and decay vertices.
3.1. Production and decay of top quarks with anomalous couplings in ( fLV , fRV )
scenario
The matrix element squared of the single top quark production and subsequent decay has
the following structure in the narrow width approximation for the case with non-zero fLV
and fRV couplings:
|M|2full ∼
( f 2LV Ap + f 2RV Bp)
( f 2LV Ad + f 2RV Bd)
wtot( fLV , fRV ,0,0) , (4)
where Ap and Bp (Ad and Bd) are channel dependent functions of momenta in the produc-
tion (in the decay) of the top quark, and wtot( fLV , fRV ,0,0) is the total top quark width for
the considered scenariob.
After a multiplication one gets the following expression:
|M|2full ∼
1
wtot( fLV , fRV ,0,0)
( f 4LV ApAd + f 2LV f 2RV ApBd + f 2LV f 2RV AdBp + f 4RV BpBd) (5)
This expression contains couplings factorized with the kinematic functions from the top
production and decay. The sum of different terms in the expression reproduces the super-
position of different states: the state with a left-handed operator in the production and in the
bThe total top quark width wtot( fLV , fRV , fLT , fRT ) in general case is given in [20, 26].
6decay of the top quark (first term in Eq. (5), the state with right-handed operator in the pro-
duction and the decay of top quark (fourth term in Eq. (5) and the states with a left-handed
operator in the production Wtb vertex and a right-handed operator in the decay Wtb vertex
and vice versa (second and third terms in Eq. (5).
In practice the introduction of an subsidiary vector charged boson (Wsubs) with the same
properties as the SM W boson but with the right-handed (anomalous) interaction in the
Wtb vertex (as described in Sec. 2) makes possible to simulate the second, third and fourth
terms of Eq. (5). Feynman diagrams for all contributions including the SM diagram ( 3(a))
and three additional diagrams with the new subsidiary field Wsubs are shown in Fig. 3.
Diagrams (b) and (c) correspond to the second and third terms of Eq. (5), the diagram
(d) corresponds to the fourth term in Eq. (5) describing purely right-handed interaction in
Wtb vertex.
If needed for various analyses one can combine or exclude some diagrams. For exam-
ple, if one is interested in study of the only leading order effects in the anomalous coupling,
corresponding to the leading order in 1/Λ2, one can keep only the diagram (a) squared and
the interferences of the diagram (a) with the diagrams (b) and (c) and remove all the other
squared diagrams.
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Figure 3. Diagrams for s-channel single top quark production with the additional subsidiary vector field with
the same properties as the SM W boson but having the right-handed interaction in the Wtb vertex
If all the contributions are kept, MC simulation of the events with ( fLV , fRV ) couplings
requires three sets of the event samples. The first set of simulated events corresponds to
left-handed interactions represented by the diagram 3(a) (notation for the sample “LV4”).
The second set corresponds to right-handed interactions represented by the diagram 3(d)
(notation for the sample “RV4”). The third set of simulated events corresponds to left-
handed interaction in the top quark production vertex and right-handed interaction in the top
quark decay vertex, and vice versa (diagrams 3(b),(c)) (notation for the sample “LV2RV2”).
The final expression for the simulated event samples combination is:
( fLV , fRV , 0, 0) = f 4LV · (LV4)+ f 2LV f 2RV · (LV2RV2)+ f 4RV · (RV4), (6)
Eq. (6) and similar equations below for combinations of generated event samples mean
that any common kinematic distribution with certain values of anomalous couplings is the
sum of corresponding distributions extracted from each individual event sample, such as
7"LV4","LV2RV2" and "RV4" in case of Eq.(6), multiplied by the corresponding coefficients
such as f 4LV , f 2LV · f 2RV and f 4RV .
The ability of the method to simulate different anomalous contributions for the ( fLV ,
fRV ) scenario was tested for many values of anomalous Wtb couplings. Examples are given
in Fig. 4 for the s-channel ( fLV = 1.0, fRV = 0.8), in Fig. 5 for the t-channel ( fLV = 1.0,
fRV = 0.6), and in Fig. 6 for the associated tW single top quark production ( fLV = 1.0,
fRV = 0.5). As one can see in all cases a very good agreement between the sum of “SM”,
“LV2RV2”, and “RV4” contributions and the straightforward complete matrix element
computations involving anomalous parameters in the Wtb vertex is found (since in all ex-
amples the SM value is used the parameter fLV the notations "SM" in the figures is taken
for the distributions obtained from the sample "LV4"). In Fig. 4-6 such an agreement is
demonstrated for the distribution of the lepton transverse momenta and the cosine of angle
between lepton from top quark decay and the down-type quark in the initial state (for s-
channel), the light quark [27] (for t-channel) and the down-type quark [28] (for associated
tW -channel) in the top quark rest frame. The described variables are chosen as examples
of usually used characteristic variables in phenomenological and experimental analyses of
the single top quark production and used throughout the entire paper. One could clearly
see that presence of left- and right-handed vector operators in Wtb vertices is modeled by
three sets of events which correspond to the first (“LV4”), second (“LV2RV2”) and third
(“RV4”) terms of Eq. (6).
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Figure 4. The distributions for the transverse momentum of lepton from top quark decay in center of mass rest
frame (left plot) and the cosine of angle between lepton from W from top quark decay and the down-type quark in
the initial state (right plot) for the process pp → t(νl , ¯l,b)¯b (s-channel single top quark production) for ( fLV , fRV )
scenario.
3.2. ( fLV , fLT ) scenario
The case with left vector fLV and left tensor fLT non-zero couplings in Wtb vertex is
similar to the one described in Sec. 3.1 because the cross term with fLV and fLT multipli-
cation is absent in (3). The three sets of events are needed for accurate simulation of the
kinematics in the ( fLV , fLT ) scenario. The first set of events corresponds to the diagram
3(a) (notation for the sample “LV4”) with left-handed vector interaction. The second set
of simulated events with pure anomalous left-handed tensor interaction in the Wtb vertex
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Figure 5. The distributions for the transverse momentum of lepton from top quark decay in center of mass
rest frame (left plot) and the cosine of angle between lepton from the top quark decay and light quark in the top
quark rest frame (right plot) for the process pp→ t(νl , ¯l,b)q (t-channel single top quark production) for ( fLV , fRV )
scenario.
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Figure 6. The distributions for the transverse momentum of lepton from top quark decay in center of mass rest
frame (left plot) and the cosine of angle between lepton from the top quark decay and down-type quark in the
top quark rest frame (right plot) for the process pp→ t( ¯νl , l, ¯b),q, ¯q′ (tW-channel single top quark production) for
( fLV , fRV ) scenario.
(with fLV = fRV = fRT = 0, fLT = 1), corresponds to the diagram from Fig. 3(d) (notation
for the sample “LT4”). The third set of simulated events is related to the diagrams from
Fig. 3(b),(c) (notation for the sample “LV2LT2”) and corresponds to left-handed vector
interaction in the top quark production vertex and left-handed tenzor coupling in the top
quark decay vertex, and vice versa. The combined expression is similar to that in Eq. (6):
( fLV , 0, fLT , 0) = f 4LV · (LV4)+ f 2LV f 2LT · (LV2LT2)+ f 4LT · (LT4), (7)
In Fig. 7 one can see that sum of the curves “SM”, “LV2LT2” and “LT4” on the plots
(which are represent the first, second, and third terms in Eq. 7 respectively) is in agreement
with the curve “1, 0, 0.5, 0” for the s-channel distributions described in Sec. 3.1. The same
agreement is demonstrated in Fig. 8 and 9 for two other channels of the single top quark
production and fLV = 1, fLT = 0.8 and fLV = 1, fLT = 0.3 values of the couplings.
3.3. ( fLV , fRT ) scenario
The scenario with fLV and fRT couplings in Wtb vertex is the more complicated than the
ones described in previous sections 3.1 and 3.2 due to the presence of the ( fLV · fRT ) cross
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Figure 7. The distributions for the transverse momentum of the lepton (left plot) and the cosine of angle between
lepton from the W boson decay from top quark and the down-type quark in the initial state (right plot) for the
process pp → t(νl , ¯l,b)¯b (s-channel single top quark production) for ( fLV , fLT ) scenario.
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Figure 8. The distributions for the transverse momentum of the lepton (left plot) and the cosine of angle between
lepton from the W boson decay from top quark and light quark in the top quark rest frame (right plot) for the
process pp → t(νl , ¯l,b)q (t-channel single top quark production) for ( fLV , fLT ) scenario.
 (l)TP
0 50 100 150 200 250
 
(l),
 fb
/G
eV
T
/d
P
σd
0
2
4
6
8
10
12
 SM 
 LT4 
 LV2LT2 
 SM + LV2LT2 + LT4 
 (1, 0, 0.3, 0)
  
TRF
)q’cos(l, 1− 0.5− 0 0.5 1
), f
b
q’
/d
co
s(l
, 
σd
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
310×
 SM 
 LT4 
 LV2LT2 
 SM + LV2LT2 + LT4 
 (1, 0, 0.3, 0)
Figure 9. The distributions for the transverse momentum of lepton from top quark decay in center of mass rest
frame (left plot) and the cosine of angle between lepton from the top quark decay and down-type quark in the
top quark rest frame (right plot) for the process pp→ t( ¯νl , l, ¯b),q, ¯q′ (tW-channel single top quark production) for
( fLV , fLT ) scenario.
term in Eq. (3).
In this scenario five kinematic terms with different powers of constants fLV and fRT
10
arise if one considers the squared matrix element:
|M|2full ∼
4
∑
i=0
ki ·P4−iDi (8)
where P,D are some kinematic functions of the production and decay of top quarks and
ki = f 4−iLV f iRT (upper i is power, not an index).
The idea is to combine the event samples which are related to the same powers of
constants in (8). At the computational level it means the selection of the squared diagrams
for the process of single top quark production and the subsequent decay with the SM W
boson and Wsubs; the last one has the right-handed tenzor coupling with top and bottom
quarks in the Wtb vertex and the SM-like values of couplings in all other vertices. For
example the term k1 = ( fLV )3( fRT )1 ·P3D1 from Eq. (8) corresponds to the set of squared
diagrams which have three W bosons and one Wsubs boson.
The following minimal set of simulated event samples is needed for correct repro-
duction of the kinematics for the case of arbitrary values of fLV , fRT couplings are in
the Wtb vertex. The “LV4” event sample with pure left-handed vector interaction (with
fLV = 1, fRV = fLT = fRT = 0) is represented by diagram from Fig. 3(a). The “RT4” event
sample with pure right-handed tensor interaction (with fLV = fRV = fLT = 0, fRT = 1)
is represented by diagram from Fig. 3(d). Three additional event samples “LV3RT1”,
“LV2RT2”, “LV1RT3” are related to the cross terms with corresponding powers of the
couplings fLV and fRT in Eq. (8).
For the illustration of the method the case with fLV = 1.0 and fRT = 0.8, fRT = 0.7
values of the couplings in Wtb vertex is simulated with the combination of the described
minimal set of event samples. The results are shown in Figs. 10-12. For example, in Fig.10
(left plot) the curve “1, 0, 0, 0.8“ shows the distribution of the transverse momenta of
the lepton from the top quark decay for the case with fLV = 1.0 and fRT = 0.8 values of
the anomalous couplings in Wtb vertex. The curve "SM" shows the same distribution of
f 4LV · (LV4) set of events and the curve “RT4” shows the same distribution of f 4RT · (RT4)
set of events. The curves “LV3RT1”, “LV2RT2”, and “LV1RT3” show the distributions of
the event sets which correspond to the parts of (8) and the squared diagrams with SM W
boson and Wsubs, multiplied by the factors f 3LV fRT , f 2LV f 2RT , and fLV f 3RT . The agreement of
curve “1, 0, 0, 0.8“ and the sum of the five event sets are shown in Figs. 10-12.
Since the cross terms between f LT and f RT or f RV and f RT couplings are suppressed, it
is possible to use the event samples described above to simulate kinematics with three-
dimensional variation of the f LV , f LT , f RT or f LV , f RV , f RT couplings. For the simulation of
kinematics with all four couplings additional samples are needed.
One should note that the contributions with odd powers of anomalous couplings are
negative for the positive values of the couplings as shown in Figs. 10-12 for “LV3RT1” and
“LV1RT3” curves, and this fact has to be taken into account while generating events for an
experimental analysis.
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Figure 10. The distributions for the transverse momentum of lepton from top quark decay in center of mass
rest frame (left plot) and the cosine of angle between lepton from top quark decay and the down-type quark in
the initial state (right plot) for the process pp→ t(νl , ¯l,b)¯b (s-channel single top quark production) for ( fLV , fRT )
scenario.
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3.4. Application of the method to the experiment
The application of this method to the experimental search for anomalous Wtb couplings
in the single top quark production processes is straightforward. Usually, two assumptions
are accepted, neglecting the b quark mass comparing to the top quark mass and the narrow
width approximation for the top quark. The first assumption leads to the simple expression
of the cross section dependence on the anomalous couplings (Eq. 3); the non-zero b-quark
mass leads to the presence of the cross terms in Eq. 3 not only for ( fLV , fRT ) and ( fRV , fLT )
couplings but for all pairs of the couplings. However these additional terms are suppressed
by the factor of ( mb
mtop
)2 and are neglected for the experimental tasks. The using of the
narrow width approximation is also reasonable because even for the anomalous couplings
much larger than the current limits the top quark width is much smaller than the top quark
mass.
It was shown in the previous sections that the minimal number of event samples is
different in different scenarious. Namely, for the simple scenarios ( fLV , fRV ) or ( fLV , fLT )
three event samples (“LV4”, “LV2RV2”, “RV4” or “LV4”, “LV2LT2”, “LT4”) are nec-
essary while for the third scenario ( fLV , fRT ) five event samples (“LV4”, “LV3RT1”,
“LV2RT2”, “LV1RT3”, “RT4”) have to be generated. In practice, each event sample is
generated using its own top quark width according to the coupling values for the sample.
For example in the scenario ( fLV , fLT ) in samples “LV4”, “LV2LT2”, “LT4” the top quark
total widths wtot(1,0,0,0), wtot(1,0,1,0), wtot(0,0,1,0) are used respectively. However in
order to get the self consistent sum of the distributions followed from the event samples for
the scenario ( fLV , fLT ) one should multiply each distribution following from the particular
event sample by the reweighting factors as given in Eq. (9):
( fLV , 0, fLT , 0) =( fLV )4 wtot(1,0,0,0)
wtot( fLV ,0, fLT ,0) · (LV4)
+ ( fLV )2 ( fLT )2 wtot(1,0,1,0)
wtot( fLV ,0, fLT ,0) · (LV2LT2)
+ ( fLT )4 wtot(0,0,1,0)
wtot( fLV ,0, fLT ,0) · (LT4).
(9)
Figure 13 demonstrates that the factors in Eq. (9) should be included to reproduce cor-
rectly the total result using the sum of the individual contributions. The formula (9) shows
how to get the distribution from the event set with arbitrary values of the anomalous cou-
plings from the distributions following from the basic event sets with anomalous couplings
taken to be one or zero. In the example for the Fig. 13 non-zero b-quark mass was used
and, as expected, the influence of non-zero b-quark mass is negligible.
For the simulation of the event samples with odd powers of fRT coupling the negative
value of the coupling can be chosen to have positive cross section of the event sample. Then
all possible values of the anomalous couplings can be considered in the statistical analysis
according to Eq. (8) for the full matrix element.
In the most general scenario when all anomalous couplings are taken to be non-zero
and neglecting the b quark mass, the minimal number of event samples is equal to twelve:
“LV4”, “LV2RV2”, “RV4”, “LV2LT2”, “LT4”, “LV3RT1”, “LV2RT2”, “LV1RT3”, “RT4”,
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“RV3LT1”, “RV2LT2” and “RV1LT3”c. Such event samples with unit values for the
anomalous couplings allows to use same samples in different scenarios, and they form a
minimal basis set of event samples. The common event sample is constructed from the
basis set of samples in the same way as given in Eq. (9) with the total top quark width
wtot( fLV , fRV , fLT , fRT ) in the denominator of the reweighting factors.
The event sets of the single top quark production including anomalous Wtb couplings
were prepared as described above for the LHC energies and uploaded into the open access
Monte-Carlo simulated event database [30].
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Figure 13. The distributions for the transverse momentum of top quark in center of mass rest frame (left plot)
and the cosine of angle between lepton from the W boson decay from top quark and light quark in the top quark
rest frame (right plot) for the process pp → t(νl , ¯l,b)q (t-channel single top quark production) for ( fLV , fLT )
scenario without the assumption of massless b-quark and with the adjusted factors which are related to different
values of top quark widths with anomalous couplings are present.
One should also notice, since the Wsubs interacts with other particles by electroweak
forces, the introduction of this particle is not affected by the NLO QCD corrections, and
therefore the method is applicable at the NLO QCD level as well.
4. Conclusion
In the paper a new method of modeling the events with anomalous fermion-boson couplings
is presented. The method is based on introducing subsidiary vector fields in addition to
the SM gauge field in the unitary gauge. The subsidiary fields have the same masses and
all the couplings to fermions as the SM gauge field except the couplings to the fermion
with anomalous interaction. The coupling of the subsidiary field to that fermion is the
anomalous coupling. In case of several anomalous couplings contributing simultaneously
to the production and to the decay as well as to various interference terms the method
performs correct simulation of the dependence of kinematical distributions on anomalous
couplings with the minimal set of event samples. The method allows to perform simulations
in two different approaches keeping only the linear order contributions or keeping higher
order contributions in anomalous couplings. The first approach is motivated by the effective
cThe phenomenological analysis including correlations between anomalous couplings is given in [29]
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field theory (EFT) in which the only leading 1/Λ2 contributions are taken into account.
In the second approach higher orders in 1/Λ2 are also taken into account as appeared in
direct matrix element computations. Since each of the anomalous coupling is associated
with corresponding subsidiary field it is very easy to keep only needed contribution by
removing all not needed diagrams from the amplitude or squared diagrams from the matrix
element squared. In fact, it is very instructive to use both approaches simultaneously since
a comparison of results in two cases allows to understand a region of applicability (EFT)
in the anomalous parameter space.
The method allows to simplify significantly realistic analyses by generating only the
minimum number of the event samples with the unity values of the anomalous couplings.
The method is very easy to implement in different computing codes, as was done in this
study using CompHEP. The proposed method works for arbitrary widths of the fermion
resonances. However the simple formula to rescale contributions from different sets of
events (such as Eq. (9) works only in the narrow width approximation.
Practical use of proposed method is demonstrated in an example of the single top quark
production processes with anomalous Wtb couplings. In our demonstration we focused
on more difficult for the analysis approach computing Feynman diagrams with non-linear
behaviour of the anomalous couplings. In this case the terms with higher dimensions on
1/Λ2 arise due to the multiplication of the production and decay parts of the processes both
depending on anomalous couplings and the presence of the total top quark width in the
denominator. One should stress that if one considers only the leading terms of the order of
1/Λ2 one needs not only to keep leading terms in numerator of diagrams but also to expand
the total top quark width in the denominator and to take into account the terms with the
dimension of 1/Λ2 in the overall expansion.
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Appendix A. Cross sections for the single top quark production processes with
the anomalous Wtb couplings
The cross sections of the single top quark production processes for s- and t-channels as
well as the cross section of the top quark production in association with a W boson in the
presence of all anomalous Wtb couplings from (2) have the following expressions:
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for s-channel:
σ(sˆ)u ¯d→t ¯b =
pi ·V 2ud ·α2
24sin4 ΘW
· β
4 · sˆ
(sˆ−m2W )2
× (A.1)
[
(3−β 2) · ( f 2LV + f 2RV )
+(3− 2β 2) · sˆ
m2W
· ( f 2LT + f 2RT)
− 6mt
mW
· ( fLV · fRT + fRV · fLT ) ]
where:
β 2 = 1− m
2
t
sˆ
;
for t-channel:
σ(sˆ)ub→td =
pi ·V 2ud ·α2
4 · sˆ · sin4 ΘW
× (A.2)
[
c0cpβ 4 · f 2LV
+
(−(1+ c1) · ln(a1) + (2+ c0) ·β 2) · f 2RV
+
(
(2+ c0) · ln(a1) − (1+ c1) · c0cpβ 2) · f 2RT
+
(
c1 · ln(a1) − 2β 2) · c0β 2 · f 2LT
+
2mt
mW
· ((−ln(a1)+ cpβ 2) · fLV · fRT )
+
2mt
mW
· ((c1 · ln(a1)− 2β 2) · fRV · fLT ) ]
where:
β 2 = 1− m
2
t
sˆ
, a1 = 1+
β 2sˆ
m2W
, cp =
sˆ
(sˆ−m2t +m2W )
,
c0 =
sˆ
m2W
, c1 =
2m2W
sˆ
+β 2;
16 REFERENCES
for tW-channel:
σ(sˆ)bg→tW− =
3 ·pi ·α ·αs
32 ·m2W · sin2 ΘW
× (A.3)
[(
(
c5
2
+ c2c5 + c
2
2c5) · ln(a2)
+
(− c2− c3 + c2c5) · δβ4
) · ( f 2LV + f 2RV)
+
(
(−c3
2
+ c2c4 + c
2
2c4) · ln(a2)
+ (4− c3+ c2c4) · δβ4
) · ( f 2LT + f 2RT )
+
(
(
1
6 − c2− c
2
2) · ln(a2)
+ (
1
3 − c2) ·
δβ
4
) · 6mt ·mW
sˆ
· ( fLV · fRT + fRV · fLT )]
where:
c2 =
m2t −m2W
sˆ
, c3 =
2m2t −m2W
sˆ
, c4 =
2m2t +m2W
sˆ
,
c5 =
m2t + 2m2W
sˆ
,a2 =
sˆ+m2t −m2W + sˆ ·δβ
sˆ+m2t −m2W − sˆ ·δβ
,
δ =
√
1− (mt −mW )
2
sˆ
, β =
√
1− (mt +mW )
2
sˆ
.
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